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Abstract: This paper presents a literature review about the concept of redox flow batteries and its1
automation and monitoring. Specifically, it is focused on the presentation of all-vanadium redox2
flow batteries which have several benefits, compared with other existing technologies and methods3
for energy stored purposes. The main aspects that are reviewed in this work, correspond to the4
characterization, modeling, supervision and control of the vanadium redox flow batteries. A research5
is presented where redox flow batteries are contextualized in the current energy situation, compared6
with other types of energy storage systems. Furthermore, a presentation about the current challenges7
on research, and the main existing installations is view. A discussion about the main dynamic models8
that have been proposed during last years, as well as the different control strategies and observers is9
presented.10
Keywords: renewable sources; energy storage systems; flow battery; vanadium redox flow battery;11
state of charge; cell stack.12
1. Introduction13
It is well-known that we are currently living a situation of environmental crisis. This14
environmental crisis is linked to the need to obtain the necessary energy for society. During the15
last decades, most of the energy came from fossil fuels [1], that generated a large number of greenhouse16
gas emissions, such as CO2 emissions [2,3]. For this reason, there has been a change in the energy17
paradigm, adopting a global transition towards more environmentally friendly activities [4].18
Nowadays, the use of renewable energy sources (RES) to produce energy is growing significantly19
[5]. Most of these RES (wind, solar and marine) are usually discontinuous, due to their dependency20
on the weather conditions. This results in the difficulty, even impossibility, to schedule this type of21
energy sources. In order to satisfy the energy demand at times of low energy production, the need of22
an energy storage system (ESS) is mandatory [6,7]. ESS can store energy, normally the surplus energy23
from renewable sources, and provide it when the environmental conditions do not make possible24
to generate all the energy required. Therefore, ESS is seen as an element that can be combined with25
power generation systems, such as photovoltaic or wind systems [8,9]. Another important advantage26
apart from the load leveling, is its function as a support element for generation and distribution lines27
of the electricity grid [10].28
There are different types of ESS depending on how energy is obtained. Mainly, it can be29
differentiated between mechanical, electrical and electrochemical storage systems [11]. Especially,30
the search for large-scale energy storage system solutions, in terms of capacity and time, has great31
importance due to its many benefits. During periods of RES low production, ESS can increase32
considerably the available power and therefore contribute to guarantee the energy supply. Table 133
summarizes the principal characteristics of the main ESS.34
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Inside the group of mechanical large-scale ESS, the most popular ones are the pumped hydro35
energy storage (PHES) and compressed air energy storage (CAES) systems [12]. The main advantage36
of PHES and CAES systems is their high energy capacity. PHES systems have also high efficiencies37
between 70% to 80%, claiming up to 90 % in some installations [13]. PHES systems are also the38
largest-capacity form of grid energy storage available, being in 2017 the type of active installations39
with the highest capacity with more than 184 GW worldwide, which represented 95% of all active40
tracked storage installations [14]. As disadvantages, both PHES and CAES require stable geological41
structures, which substantially limits the use of this type of systems [15]. CAES also has the drawback42
that its energy efficiency is less than 70% [16], even reaching values below 45% [17,18].43
As for electric large-scale ESS, the most common is the superconducting magnetic energy storage44
(SMES) system [19], which is based on the use of electro-magnetic energy, and the electric double layer45
capacitor (EDLC) which directly uses electric energy. SMES main advantage is its energy efficiency,46
about 90% [20]. The main disadvantage is the high cost of superconducting wire, which, with the47
refrigeration energy that this system needs, makes this technology more appropriate for short-term48
applications [21]. The main advantages of EDLC are that can deliver large amounts of power and49
its long life cycle (supporting more than one million of charge and discharge cycles). On the other50
hand, they have low energy density, and they only can store energy for short periods of time due to51
the self-discharge phenomenon [22].52
In the last group of ESS, which corresponds to the energy storage from chemical reactions, there53
are different batteries and emerging technologies [23]. Typical batteries that have been used for many54
years are Lead-Acid, Sodium-Sulphur and Lithium-Ion. The strengths of Lead-Acid batteries are their55
low cost and good efficiencies from 75% to 80% [24]. In counterpart, they have short life (between56
200 to 1800 charge and discharge cycles) and they are extremely toxic [25]. Sodium-Sulphur have57
higher energy density than lead-acid batteries, with similar efficiencies but with larger lifetime around58
2500 cycles [26,27]. The main problem of this type of technology is its operating temperature (about59
300ºC) and a poor safety due to possible leaks of the liquids inside it. Finally, Lithium-Ion is the best60
choice compared to the previously named ones, having a larger energy density [28], and a long life,61
greater than 2500 cycles [29]. On the other hand, it is important to remark that some damages, such as62
overcharge or perforation cause damage to the battery, leading to explosions and fires if is damaged or63
incorrectly charged.64
Nowadays, inside the group of electrochemical ESS, more research is being done, specially in fuel65
cells and redox flow batteries. Fuel cells [30,31] convert chemical energy from a fuel (usually hydrogen)66
into electric energy through an electrochemical reaction between the fuel with an oxidizing agent67
(oxygen). Its main distinction from a battery is that requires a continuous source of species. Combining68
the fuel cell with an electrolyzer it is possible to store the chemical energy, becoming an ESS, which is69
called regenerative fuel cell (RFC) [32,33]. One of the main advantages of its use is that is a clean ESS,70
being water vapor the residue that comes out. In terms of efficiency, typical values oscillate between71
40% to 60% [34,35]. Most losses are in the form of heat, so in the case of an application in which it is72
necessary to capture waste heat in a cogeneration system, efficiencies can reach 85% [36].73
Redox flow batteries (RFB) are composed of an electrochemical cell where chemical energy is74
provided by two chemical components dissolved in liquids contained within the system and separated75
by a membrane. They have become one of the most promising options for large-scale energy storage76
systems [37,38]. Depending on the nature of the fuel, there are two modes of operation for a redox flow77
battery. If the flowing fuel is depleted by the reaction, and cannot be reused, then it is removed from78
the system and new flow is added. In this situation, it actuates as a fuel cell. The second possibility,79
is that it works like a rechargeable battery, where there is always fuel flowing in the system. In this80
second case, it is called RFB.81
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Table 1. Advantages, disadvantages, power and discharge time of main ESS. Extracted from [15].
ESS Main Advantage Main Disadvantage Power Discharge Time
PHES High energy capacity Geographical environment 10 MW - 1 GW 10-100 h
CAES High energy capacity Geographical environment 10 MW - 1 GW 1-50 h
EDLC High power density High cost 10 kW - 1 MW 1-10 s
Lead-Acid Low cost Short life cycle 1 kW - 10 MW 0.01-1 h
Sodium-sulphur High energy Poor safety 100 kW - 10 MW 10 h
Lithium-Ion High energy Poor safety 1 kW - 1MW 0.1-10 h
RFC High energy density Low efficiency 100 kW - 10 MW 1-10 h
RFB Flexible design Low energy density 100 kW - 80-90 MW 1-10 h
One of the main characteristics of RFB’s and RFC’s is the duality between energy capacity82
and power. Energy capacity is function of the electrolyte volume, which is usually stored in tanks.83
Depending on their volume, they can provide energy from minutes to several hours [39]. The power is84
directly related with the surface of the electrodes, and the number of cells that compose the system85
[40]. Other important advantages are their safety, flexible design, long life and that they are specially86
designed for large-scale storage applications, because self-discharge is practically non-existent, saving87
or providing energy during long periods of time. In terms of charge/discharge efficiency, RFB’s have88
values between 75% to 85% [41], while RFC’s have lower efficiencies. For that reason, comparing both89
of them, RFB’s are a great proposal for large-scale ESS.90
Comparing RFB’s with other ESS, taking into account Table 1 it is possible to make clear that91
RFB’s allow large amounts of energy to be delivered over long periods of time, without the need for a92
specific geographical location, as in the case of PHES and CAES systems. In terms of safety, they are93
better than classical batteries such as lead-acid, sodium-sulphur and lithium-ion. If they are compared94
in terms of efficiency and lifetime, RFB’s are also a good election, as can be noticed in Figure 1.95
Figure 1. Efficiency and lifetime comparison of main ESS. Information obtained from [42].
In comparison with lithium-ion batteries, which have become one of the most promising options96
in electrochemical ESS, VRFB have as benefits their greater lifetime, safety and low cost [43]. However,97
lithium-ions batteries present higher energy density. In terms of sizing, VRFB differs from lithium-ion98
technology in the duality between power and energy capacity. From an automatic control point of99
view, lithium-ion batteries contain no active elements consequently do not require any control [44]. On100
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the other hand, RFB require a good control strategy to improve its efficiency, required by the pumps101
which make the electrolyte flow in the system. In both technologies, obtaining good control-oriented102
models and developing methodologies to estimate most relevant parameters from empirical data are103
important research topics. Their tuning are of great relevant to estimate the State Of Charge (SOC) and104
the State Of Health (SOH). In the case of RFB, the SOH study has not yet been developed while for105
lithium-ion batteries there are already numerous studies. Although there has been a lot research in this106
topic it is still and open research area [45–48].107
Analyzing the RFB individually, the main benefits of this type of ESS are [49]:108
• High duration in terms of energy supply, managing to reach hours. There are several facilities in109
operation whose supply period is around 5 hours, although there are operational cases in which110
it reaches 10 hours [50].111
• Modular technology, existing an independence between power and energy density. This allows112
to have a flexible design depending on the required operation conditions.113
• Long life, higher than thousands of cycles [51].114
• Thermally safe, operating at low temperatures close to ambient ones [52].115
• Quickly recharge by replacing the electrolyte or reversing the redox reaction.116
• Self discharge is not significant, only takes place in the cell where species react. The active117
species stored in the containers (which are usually much larger than the cell) do not react and118
self-discharge does not take place [53].119
• Its operation could be stopped quickly by cutting off the flow of electrolytes.120
Although the advantages listed above, make RFB’s a good large-scale storage system, there are121
some drawbacks to consider. The main one is their low energy density, in comparison with other122
systems. In order to store large amounts of energy, it is necessary to have larger tanks. Although its123
charge and discharge efficiencies are high, reaching the order of 80%, is lower than other ESS, due to124
the energy consumption to allow the flow of electrolytes in the system.125
There are different types of RFB’s according to the species that react, but all of them present126
the same operating mechanism. A typical example is the Fe-Cr RFB, which uses Fe(III) and Fe(II) as127
positive active species, and the species Cr(III) and Cr(II) as negative ones, all of them dissolved in HCl128
[54]. Other examples are the iron-chromium (I-Cr) and the zinc-bromide (Zn-Br) batteries [55,56].129
Specially, vanadium redox flow batteries (VRFB) are of great importance due to their benefits130
compared to other species, being the object of study in recent years [57]. The main reason for its use is131
that since it is made up of only vanadium, there is no possibility that different substances mix and132
degrade the battery. The VRFB use V(IV) and V(V) oxidation states as positive active species, and V(II)133
and V(III) as negative species, all of them dissolved in a solution of H2SO4 [58].134
Due to the complexity of a RFB system, that depends on different variables such as the electrolyte135
concentration, current density, temperature or flow management, more research will be done to136
understand better the RFB operation that will be directly translate in well optimized RFB systems.137
Moreover, due to the presence of harmful phenomena such as leakage currents, electrolyte escape138
and the possible corrosion and degradation of membrane, electrodes and other stack components, a139
research in mitigation strategies of these phenomena will be necessary [59].140
Another important aspect to consider is the cost of the RFB system. Inside this economical141
scenario, more research is being done in order to design low-cost RFB systems that are capable to142
store large quantities of energy maximizing the performance of the battery. In order to accomplish it,143
the correct choice of the main components such as electrodes, membranes, bipolar plates and cells is144
critical. Selecting a good electrode structure allows to have a higher electrocatalytic activity, and if the145
surface area is higher enough, it will be possible to increase the volume production of new species.146
For the membrane, there are different studies that analyze and compare different materials in order147
to find the one that best suits with the designed battery. Thus, taking into account the species that148
react, as well the design of the other components, further investigations will be conducted to find an149
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equilibrium between a better selectivity and stability, as also a lower cost. In terms of bipolar plates,150
more research is necessary to scale-up the battery, increasing both power and energy density.151
Considering the materials with which the RFB are built, the search for organic materials in terms of152
active materials, electrolytes and membranes is one of the research hot topics. In this scenario, there is153
recent progress in the search for organic RFB [60], which would allow to have a more environmentally154
attractive technology.155
Taking into account the great possibilities that RFB’s present as large-scale storage systems, as156
well as the numerous studies that are being carried out on them, in this work a review of most relevant157
concepts in RFB, from an automatic control point of view, will be presented. As previously stated158
other topics such as materials will be very important in the near future but are outside the scope of159
this work.160
The work has the following organization: Section 2 shows the composition of a RFB; Section 3161
presents the main expressions needed to determine the battery sizing according to specific conditions162
of power and energy; Section 4 shows the main characteristics and applications of RFB; Section 5163
presents a review on the literature of RFB models; Section 6.1 presents the main control strategies164
of RFB systems, section 6.2 presents the main techniques to estimate the state of charge, and other165
parameters and variables. Finally, section 7 contains some conclusions and future investigations.166
2. Composition and Operation of VRFB167
RFB are secondary batteries, which means they are rechargeable. Its principle of energy conversion168
is based on electrochemical reactions of two redox couples [61]. As its name suggests, they are based169
on the principle of redox reactions. A redox reaction can be defined as a phenomenon in which there170
exists an exchange of electrons between two different species [62]. On the one hand, species that losse171
electrons are called oxidized species. On the other hand, species that win electrons are the reduced172
ones. The gain or loss of an electron is equivalent to a change in the oxidation state of the element.173
Then, both process of oxidation and reduction can be defined as:174
• Oxidation: increased oxidation state of a specie, caused by the loss of one or more electrons.175
• Reduction: decreased oxidation state of a specie, caused by the gain of one or more electrons.176
Once the principles of redox reaction have been explained, it is possible to understand the operation of177
a redox flow battery, and their main components. Figure 2 shows the scheme of a redox flow battery178
with its main components.179
A redox flow battery is composed by two electrodes whose function is to be the surface where180
oxidation-reduction reactions take place. The potential difference that is generated between the181
electrodes is determined by the electrochemical reaction that occurs, which depends on the chemical182
elements that make up the reaction. Lot of research has been done to find the best materials and183
dimensions for the electrodes. In terms of electrode composition, first investigations analyzed carbon184
and non-carbon materials. For the case of non-carbon materials as metals, it was found that were185
unsuitable for use in both half-cells [63]. Carbon has been identified as the best material for use in186
both electrodes of a VRFB, and different studies have been done that analyze its use and advantages187
[64–67].188
The electrons that appear on the redox reaction can be defined as a current that passes through189
the cell continuously. Current flow exists due to the presence of two collector plates located at the end190
of the cell. The direction of current flow depends on whether the battery is in the process of charging191
or discharging. The number of electrons will depend on the current density and the electrode surface192
area. Typical values of current densities vary between 10 mA/cm2 to 800 mA/cm2, depending on193
the design of the VRFB [68]. Using a Nafion membrane, usual values of current densities must vary194
only in a window between 80 mA/cm2 to 140 mA/cm2 obtaining efficiencies between 80% to 90%,195
because increasing the current density above the 150 mA/cm2 lower efficiency is observed due to the196
higher ohmic resistance of Nafion membrane [69]. Different studies have analyzed the limitation of197
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the maximum current density for VRFB obtaining 750 mA/cm2 for three layers of carbon fiber paper198
[70]. Taking into account that typical current values vary from 20 A to 150 A it is possible to have an199
idea about the surface of the electrode, taking values between 100 cm2 to 2000 cm2.200
The main feature of this type of system is that the electrolytes are not only contained within201
the cell as in conventional batteries, but are stored in two independent tanks. The electrolytes are202
composed by the active species in an specific concentration, and are dissolved in a strong acid solution203
that typically is hydrochloric acid (HCl) or sulfuric acid (H2SO4). One tank contains the positive204
electrolyte (catholyte) and the other contains the negative electrolyte (anolyte). Fluids from the tanks205
containing the electrolytes are pumped into two closed circuits through the battery stack (consisting of206
several flow cells stacked together) and the redox reaction occurs. The new species after the reaction207
are recirculated to their corresponding tank due to the closed circuit.208
The electrolytes tanks always contain the same amount of liquid, but the oxidation state of each209
specie will depend on the reaction that takes place in the cell during the operation of the system. As210
long as there are species that can be transformed, the battery can continue the process of charging or211
discharging.212
The membrane has the function of separating the electrolytes inside the cell, preventing them213
from mixing with the redox species. At the same time, it has to allow the transfer of ions to maintain214
the electroneutrality of the system [71]. For that reason, it is necessary to choose an special ion-selective215
membrane depending on the species [72]. Different types of membranes have been explored and216
investigated as Nafion cation exchange membranes (CEMs), tungstophosphoric acid (TPA), sulfonated217
polymer membranes and others [73–75]. Some studies have shown that over time, the membrane218
degrades and begins to appear the crossing of ions from one electrolyte to the other, polluting both219
electrolytes [76]. This fact causes a reduction of the efficiency and lifetime of the complete system,220
making it necessary to change the cell and electrolytes. Taking into account this common problem221
in redox flow batteries, the best solution that has been implemented in the recent years is the use of222
vanadium species as electrolytes [77,78]. The first VRFB’s explorations were done in the 1930s, by223
Pissoort [79]. In the 1970s, Pellegri and Spaziante patent the VRFB [80], but they could not demonstrate224
the correct operation of this technology. Was Skyllas-Kazacos in the 1980s, the first person to succesfully225
demonstrate the all-vanadium RFB [81].226
Figure 2. Scheme of a redox flow battery.
In a VRFB, the electrolytes contain vanadium salts dissolved in concentrated solutions of sulfuric227
acid. Their redox reactions involve four oxidation states of vanadium (+II, +III, +IV, +V). They are228
the same one with different oxidation states, allowing the possible mixing of electrolytes without229
becoming a problem for the system [82].230
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The negative electrolyte (anolyte) is composed by V2+ and V3+ vanadium species. The positive231
electrolyte (catholyte) is composed by V4+ and V5+. The maximum vanadium ion concentration that232
can be employed for wide temperature range operation is typically 2 M or less [83,84]. This means233
that for each liter of solution is composed of vanadium ions and H2SO4, there are 2 mols of vanadium234
species dissolved on it. This concentration is equivalent to an energy density of around 25 Wh/kg.235
This value ensures the solubility of vanadium ions even in temperatures below 5 ºC degrees. At the236
same time ensures the stability of vanadium ions at possible temperatures above 40 ºC [85].237
During the charging process, the V4+ oxidizes and becomes V5+ releasing an electron. This238
electron is transferred from the anode to the cathode through external circuit, and reduces V3+ to V2+239
on the other electrode.240
During the discharging process, the oxidation of V2+ to V3+ takes place in the negative electrolyte241
(anode) and the released electron goes to cathode reducing V5+ to V4+. The vanadium species V4+242
and V5+ exist as oxides, which are respectively, VO2+ and VO+2 .243
The chemical reactions that take place in the cell are the following ones:244
V2+  V3+ + e−
VO+2 + 2H
+ + e−  VO2+ + H2O
(1)
where→ represents the charge process, and← the discharge process.245
The electrochemical cell, can be seen from a chemical point of view, as a two-part system according
to the presented redox equations. The cell potential has a contribution from both anode and cathode
reactions. In the anode as a measure of its ability to lose electrons (oxidation potential). The cathode
has a contribution based on its ability to gain electrons (reduction potential). The standard cell potential
Eθ can then be written as:
Eθ = Eθcathode − E
θ
anode. (2)
The standard potential for each half-reaction process in standard conditions of pressure,
concentration and temperature are defined in chemistry reaction tables [86,87]. For the case of the
VRFB, the standard potential is:
V2+  V3+ + e− Eθanode = −0.255V
VO+2 + 2H
+ + e−  VO2+ + H2O Eθcathode = 1.004V
(3)
Taking into account (1) and (3), it is possible to write the global reaction obtained from both
reactions together, with his cell standard potential:
V2+ + VO+2 + 2H
+  VO2+ + V3+ + H2O Eθ = 1.259V . (4)
The cell standard potential gives only information about the chemical part of the reaction that246
takes place inside the cell. The electrode potential E depends on the concentrations of vanadium247
species ci that exist in the cell. Its value can be obtained using (5) which is the Nerst equation:248















where R and F are, respectively, the gas and Faraday constant, and ci is the concentration of each249
vanadium species, which is found in the catholyte or anolyte electrolyte.250
Taking into account equation (5) it is possible to obtain the theoretical value of the cell voltage.251
As it can be noticed, it only depends on the vanadium concentrations, without any external load252
connected. For that reason, it is called open-circuit voltage (OCV). It is important to take into253
account, that the theoretical OCV of the VRFB has two extreme values, that correspond to a state of254
complete or null charge of the cell. In both cases, these extreme values are far from those measured255
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experimentally (theoretically tend to infinity). For this reason, the extreme values of the OCV are256
considered experimentally. Many studies agree that the maximum value of the cell voltage during the257
charge is between 1.6 and 1.7 V, and drops to 1.1 V in the discharge case [88,89].258
From this experimental value it is possible to see that the power that the cell can generate is not259
very high. As it has been explained, VRFB’s are especially useful to work with high values of power260
and energy. In order to increase the power, a number of cells have to be connected in series, obtaining261
what is commonly named stack. The total voltage of the stack can be calculated as the sum of all cells262
voltage connected in series.263
Table 2. Parameters and constants for Nerst Equation.
Parameter Meaning Unit
ci Concentration of specie i mol ·m−3
E Electrode potential V
Eθ Standard potential V
T Temperature of the cell K
F Faraday’s constant 96485 C ·mol−1
R Gas constant 8.314J · K−1·mol−1
3. Battery sizing264
The main characteristics of VRFB’s is their modularity in terms of power and energy stored. The265
power directly depends on the current and stack voltage. The energy capacity depends on the volume266
of the tanks. Taking into account both concepts, the objective of this section is to determine the volume267
of the tanks, and the number of cells needed for the stack to guarantee any operational specifications.268
3.1. Stack Sizing269
The power depends on the discharge/charge current and the voltage that is generated between270
the electrodes of the stack. The maximum value will be reached when both current and voltage are271
maximum.272
The current is conditioned by the effective surface of the electrodes and the density of electric











where P is the maximum amount of power that the system can generate. Then, the number of cells





where Ecell represents the voltage that will be reached between the extremes of a cell, according273
to (5). As the experimental values of cell voltage vary between 1.6 and 1.7 V [88] for the charging274
operation, and between 1.0 to 1.1 during the discharge, it is a good assumption to consider that the275
Ecell value is approximately 1.1 V. With this value, it is possible to obtain a good approximation of the276
number of cells that must compose the stack to obtain the desired power that the VRFB must deliver.277
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3.2. Tank Sizing278
The energy (E ) can be defined in the field of electricity as the power needed to move a charge of 1
Coulomb through a potential difference of 1 V. Then, it can be expressed as:
E = Ecell · Qc, (9)
where Ecell represents the potential difference, and Qc the charge. The charge inside the tank can be
calculated as follows:
Qc = cVVtanksNAe−, (10)
being cV the total concentration of vanadium dissolved in the solution, Vtanks the total volume of279
electrolyte (vanadium species and solvent) that must be stored in the system, NA the Avogadro constant280
and e− the electron charge.281
Taking into account that the redox reactions occur simultaneously in both half-cells, the total282














Table 3 summarizes all parameters that must be taken into account to design the battery sizing.286
Table 3. Parameters for battery sizing.
Parameter Meaning Unit
S Surface of the electrode m2
Imax Maximum Current A
J Density of current A ·m−2
Estack Stack voltage V
Ecell Cell Voltage V
P Power W
N Number of cells −
E Energy Wh
Qc Electric charge C
cV Total vanadium concentration mol ·m−3
Vtank Tank volume m3
NA Avogadro constant 6.02 · 1023mol−1
e− Electron charge 1.602 · 10−19C
It is important to notice that from equation (12) it is possible to derive the energy density per






The energy density of the complete system that makes up the VRFB is smaller than the ones288
calculated by (13). Theoretically, the energy density of VRFB systems is about 28 Wh/l, but in real289
applications it has been found that the ranges go from 15 to 25 Wh/l [90].290
The difference between the theoretical energy density value and the real one found experimentally,291
is due to the following factors [88]:292
• The pump consumes energy to make the liquid flow.293
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• The power converter has electrical losses, while the pipes and pumps have hydraulic losses.294
• The electrochemical is subject to reaction Internal losses such as activation overpotential,295
concentration overpotential and ohmic losses, which depend on the operational conditions296
[91].297
All these factors are difficult to collect in analytical models and expressions. For that reason, to298
check the real effect is necessary to develop experiments or simulations with high accuracy. Therefore,299
it is necessary to correctly determine the parameters of all elements, obtaining non-general results.300
According to literature, the total efficiency is around an 80% of the theoretical one [92].301
3.3. Example302
In order to have a practical idea of the battery sizing of a VRFB with real values, an example is303
shown. The proposed VRFB is a 1.5 kW, and 15 kWh system operating at a nominal current of 50 A.304
Table 4 shows the battery parameters for this example.305
Table 4. Battery sizing example
Parameter Meaning Unit
P Power 1.5 kW
E Energy 15 kWh
Imax Maximum Current 50 A
Ecell Cell Voltage 1.4 V
cV Total vanadium concentration 2 M
N Number of cells 27
Vtank Tank volume 0.4 m3
Eρ Energy density 18.75 Wh · l−1
As it can be seen in Table 4, 2 tanks of 400 liters capacity would be needed. This would represent306
a total amount of approximately 732 kg of H2SO4 which is the solvent, and 178 kg of vanadium species307
which represent the solutes that react inside the cell, based on the molar mass of the electrolyte species308
[90,93]. These amounts of chemical species have been calculated taking into account the typical value309
of vanadium ion concentration, which, as explained, usually is 2 M.310
4. Main existing applications and installations311
One of the main characteristics of flow batteries is that they are considered to be used for large312
energy storage applications. Taking into account its large operational range in terms of power and313
energy, these systems are a good choice for all those stationary applications that require large stored314
energy. Some examples are:315
• Interstational storage, due to the volume of the systems they are designed to be placed in316
stationary applications that require a specific demand of power depending on factors such as the317
weather, season or day, among others.318
• Load leveling function, storing the surplus energy during off-peak demand periods, and using it319
during periods of high demand of energy. This guarantees the existence of a balance between the320
supply and the demand energy [94].321
• Uninterruptible power supply (UPS) in case of failure of the main power source, being necessary322
to provide power continuously for a certain period of time [95].323
• Support systems in renewable energy installations, such as wind or solar, during periods of high324
energy demand. Specially, in stand alone power systems where power can not be obtained from325
the electric grid [96].326
• Electric or hybrid vehicles, especially those of large dimensions due to its low energy density [97].327
Some examples are buses and maritime vehicles such as boats, ships or submarines.328
• Storage applications that require a full charge from an initial, empty state to full load. Due to the329
VRFB’s ability to perform full charge cycles, they are useful in this regard. A particular case are330
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solar installations where you want to be able to store as much energy as possible depending on331
weather conditions.332
There are different installations that have adopted VRFB’s for some of the different applications333
described. Table 5 lists the main existing facilities, with their respective details regarding operational334
characteristics and applications.335
In 1996 the Kashima-Kita Electric Power group from Japan, develop a VRFB of 200 kW of power336
and 800 kWh, for load-leveling applications [98]. Kansai Electric company, has been developing337
RFB in collaboration with Sumitomo Electric Indistries, since 1985. In 2000 they installed in Tatsumi338
substation a prototype of 200 kW 8 h system [99]. It was conceived for applications in load-leveling339
and peak-shaving. Sumitomo Electric Group from Japan, developed a 4 MW 6 MWh VRFB, in 2005,340
for peak-shaving and UPS applications [100]. It is one of the leading companies of RFB’s, and has341
successfully run many pilot projects worldwide. In 2016, the Hokkaido Electric Power Company342
(HEPCO), developed the largest flow battery project until that moment. The installation of 15 kW 60343
MWh was aimed to the grid integration of wind renewable energy [101]. In Pfinztal, Germany, the344
Frauhofer institute launched a project to installate a VRFB of 2kW and 20 MWh for testing purposes345
[102].346
Table 5. Main existing installations of VRFB’s in the world.
Name Place Year Energy Power
Kashima-Kita Electric Power [98] Japan 1996 800 kWh 200 kW
Kansai Electric [99] Japan 2000 1.6 MWh 200 kW
Sumitomo Electric Group [100] Japan 2005 6 MWh 4 MW
Hokkaido Electric Power [101] Japan 2016 60 MWh 15 kW
Frauhofer Project [102] Germany 2019 20 MWh 2 kW
It is important to notice how the amount of stored energy has been growing over the years. The347
Hubei Zaoyang project planned to install in Zaoyang an installation that could reach 10 MW of power348
and 40 MWh of energy stored [103]. This project took place in China, where a great investment in349
VRFB’s has been launched by the China National Development and Reform Commission (NDRC) to350
develop different projects. Hubei Zaoyang has launched the installation of a 100 MW and 500 MWh351
redox flow system [104]. Another project under way is a 200 MW and 800 MWh vanadium ESS in352
Dalian, carried out by chinese companies UniEnergy Technologies (UET) and Rongke Power [104].353
5. Mathematical models354
To study the behaviour of the VRFB’s from a theoretical point of view, it is necessary to model the355
real system taking into account the variables that make it up. Most of the systems use mathematical356
models, that can take different forms using dynamic formulation, differential equations, statistical357
models or logical formulation, among others. The mathematical model of a system can be based on358
one or more parts of study.359
The first distinction that exists between models is how the behavior of the system is described as360
a function of time. That is to say, whether the effect of time is taken into account or not. If time is taken361
into account, the model is dynamic whereas if the system is not time dependent, it is called static [105].362
In terms of model VRFB’s, it is obvious that due to the characteristics of both flow and current, it must363
be modeled taking into account the behavior along the time.364
The second distinction for modeling is taking into account, or not, the space dimension. Models365
that take into account the space dimension are usually named Distributed parameter models and use366
partial derivative equations. In RFB’s there exist many phenomena that can only be described through367
distributed models, such as the distribution of the vanadium species or temperature along the tanks368
and cells, or the flow rate in the pipes. There are different studies that have modeled some aspects369
of the RFB using this type of model [106]. These models make possible to analyze how the flow is370
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distributed along the cells, obtaining a realistic approximation about the distribution of vanadium371
concentration inside them [107]. Non-uniform distribution of flow field is analyzed using a parameter372
distributed model in [108,109]. One of the main computational tools that exist to obtain 3D models,373
is COMSOL [110], which is a finite element analysis, that allows to solve multiphysics systems. This374
software has been used to analyze the VRFB performance taking into account the electrode and flow375
field [111].376
The disadvantage of Distributed parameter models, is that they are very complex and they can377
not be used for analytical analysis. Their solution requires relevant computational resources and can378
not be solved in short time.379
For this reason, RFB automatic control problems are addressed using reduced order models, or380
Lumped parameter models. In this type of models most relevant variables, such as current or flow, do381
not depend on space. These assumptions allows to simplify the model. These models allow to perform382
analytical analysis and obtain their solution with a reduced computational cost. Despite its simplicity383
these models closely resemble the actual behavior of the system [112]. In this scenario, multiple and384
different models have been proposed.385
A VRFB system, can be mainly separated in three different physical models, which are the386
electrochemical, the thermal and the hydraulic. All of them are interconnected. In the electrochemical387
part, the current and flow rate play a key role, but the temperature has also importance. In the thermal388
model, the concentration of species from the electrochemical part, together with the flow rate and389
current are the important factors to take into account. Finally, the hydraulic part is related to the other390
models by the flow rate, which is the variable that plays the key role. In the following, a review of the391
characteristics of each of these parts is presented.392
5.1. Electrochemical model393
One of the main parts of interest of the VRFB’s is the behaviour of the vanadium concentrations.394
As have been explained, it has a direct effect on the voltage and therefore, in the power and energy of395
the system. There are different approaches to model the electrochemical part.396
Some studies use differential equations that determine the behaviour of concentration of vanadium397
species through the redox reactions that take place [113,114]. Another ones, take into account the Nerst398
equation, and by measuring the voltage are able to model the behaviour of vanadium concentration399
species inside the system [115]. This second approach, has the drawback that it only takes into account400
the cell voltage, and not the input variables such as the flow rate or current. For this reason, it cannot401
be used for control purposes, since input variables such as current or flow rate, that are the only ones402
that the user can manage, have not effect in the model presented. Finally, there are some studies which403
use equivalent circuit models, to describe the behaviour of the electrochemical part. An electric circuit404
model is used in [116,117] to model the state of charge. Another study that uses this type of model to405
monitor the capacity decay of the VRFB is [118].406
Using directly the redox reactions that take place, it is possible to obtain a model of the vanadium407
concentration variation along the time. A realistic electrochemical model was develop by Maria408
Kazacos [114], which is based on the determination of the vanadium concentrations behaviour with409
respect to the current and the flow rate of electrolytes. This model has been widely used in different410
studies [119–121].411
The model assumes an homogeneous concentration in the cell. The behaviour of the










where Vcell is the volume of the cell, ctanki is the concentration of vanadium in the tank and F the412
Faraday’s constant. As can be noticed in equation (14) the concentration of each vanadium species, i,413
depends on three different factors, which are the flow rate, the current and the diffusion:414
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• Q: is the electrolyte flow rate. The amount of new electrolyte inside the cell, be understood as the415
difference between the input flow of concentrations (which comes from the tanks) and the output416
(the previous time concentration in the cell).417
• I: represents the current and is directly related to the redox reaction that takes place in the cell.418
The relation between the reduction or oxidation of a vanadium specie and an electron is 1/1419
(z = 1 for vanadium redox flow systems) as can be observed in VRFB’s redox reaction (1). For a420
positive current, vanadium species V2+ and V5+ increases, while V3+ and V4+ species decreases421
in the cell. For discharge currents, the opposite happens. Using the Faraday’s constant is possible422
to establish the concentration of vanadium species in mols.423







2 + αI I Ii k3c
cell
3 + αIVi k4c
cell
4 + αVi k5c
cell
5 ), (15)
where S is the membrane surface, d the membrane thickness, αIi express the mass balance between
the vanadium species and ki is the diffusion coefficient of each specie, which depends on the




being A0 a pre-factor, Ei the activation energy of specie i, R the universal gas constant and T the424
temperature of the electrolyte inside the stack.425
Finally, it is possible to model the concentration of vanadium specie in a cell using the state-space426
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In the case of a discharging process, the unique difference will be the sign of the current vector.
















where Vtank is the volume of each electrolyte tank and N is the number of cells that compose the428
stack.429
The states of the system are the vanadium concentrations of both tanks and cells, while the other430
parameters are constants or variables that can depend on the operating conditions as the temperature.431
It is important to remark, that this mathematical model is a realistic approach of a VRFB, and432
it allows to understand what factors change the vanadium concentrations inside the cell and in the433
tanks. This is of great importance, since the concentrations in the cell determine the voltage, which is434
calculated by Nerst expression (5), and the concentrations inside the tank determine the state of charge435
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All parameters that appear are summarized in Table 6.437
Table 6. Parameters of the electrochemical model.
Parameter Meaning Unit
ccelli Concentration of specie i (i=2...5) inside the cell mol ·m
−3
ctanki Concentration of specie i (i=2...5) inside the tank mol ·m
−3
Vcell Volume of cell m3
Vtank Volume of each tank m3
Q Flow rate m3 · s−1
I Current A
S Surface area of the electrode m2
d Membrane thickness m
ki Difussion coefficient m2 · s−1
N Number of cells of the stack −
z Number of electrons involved in the redox reaction 1
F Faraday’s constant 96485C ·mol−1
R Gas constant 8.314J · K−1 ·mol−1
5.2. Thermal model438
Usually, the effect of temperature on VRFB’s is not detrimental to the system efficiency, since it439
is normally found close to environmental values [119]. However, it has been seen that under certain440
operational conditions, and depending on the membrane, there can be an increase in the temperature441
above the environmental one [120]. In this situation, a heat exchanger mechanism could be necessary442
to improve the behaviour of the battery. Furthermore, as the temperature is an easy variable to measure443
in any physical system, obtaining a thermal model for VRFB’s can help to monitor its correct operation,444
or even its possible automatic control [121].445
The correct determination of the temperature inside the stack is necessary for two main factors.446
On the one hand, it can determine how much heat is absorbed or generated during the reaction [122].447
On the other hand, it is directly related with the diffusion coefficients which play an important role448
inside the electrochemical model.449
Taking into account the main components of the system, which are the stack, the tanks and the450
hydraulic transmission line composed by the pipes and pumps, it is possible to model the temperature451
of each part as it is done on [122]. It is important to consider the external temperature of the system,452
which is that of the air (Tair). Figure 3 shows the different points where the temperature of the system453
is modeled.454
Figure 3. System temperature measurements.
The nomenclature of the subscripts of the temperature variables is summarized in Table 7.455
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C, out Pump line of catholyte
C, in Transmission line of catholyte
A, out Pump line of anolyte
A, in Transmission line of anolyte
stack Stack of cells
The variation of the different temperatures can be model by using the energy balance equations.
















where Cp is the specific heat, ρ is the density of electrolyte, Q is the flow rate and Us As is the456
heat transfer capability of the stack. The parameters ∆H2, ∆H3, ∆H4 and ∆H5 represent the change457
of enthalpy, which have an experimental value calculated at 298.15 K for each reaction [123]. The458
values of the enthalpies are negative [120] during the charging process, which yields to the conclusion459
that the reaction is exothermic. This means that the system releases energy in form of heat to the460
environment. During the discharging process, the sign of the enthalpy part in (20) changes, taking461
place an endothermic reaction. In (20) also appears the thermal factor due to the ohmic losses produced462
by the stack resistance, r, which experimentally changes its value during operation, but for practical463
purposes it can be assumed constant [120]. It should be noted that most of the heat generated is due to464
the ohmic effect, having values between few tens of Joules (currents below 50 A) to hundreds of Joules465
(for currents in the order of 100 A) [119].466













= QCpρ[TC − TC,out] + Upipe Apipe[Tair − TC,out] + Wpump (23)
For the case of the negative side of the system, the same equations model the behaviour of the467
temperature in a symmetrical way respect to Figure 3. If it is assumed that the four parts in which the468
pipes are divided are equals and the flow rate that circulates along the pipes is the same, then same469
temperatures will exist on both sides of the system. Table 8 summarizes all parameters of the thermal470
model.471
There exist different studies done in terms of thermal parameters of RFB’s. This is the case of [124],472
that presents a dynamic electro-thermal model. A thermal model with heat exchangers is presented in473
[125], proposing an effective cooling strategy.474
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Table 8. Parameters of the thermal model.
Parameter Meaning Unit
Cp Specific heat capacity of vanadium J · kg−1 · K−1
ρ Vanadium density kg ·m−3
Vstack Volume of the stack m3
Vpipe Volume of pipe m3
Q Flow rate of electrolyte m3 · s−1
Us As Heat transfer capability of the stack J · K−1 · s−1
Utank Atank Heat transfer capability of the tank J · K−1 · s−1
Upipe Apipe Heat transfer capability of the pipe J · K−1 · s−1
∆H2 Enthalpy change for reaction in vanadium specie V2+ J ·mol−1
∆H3 Enthalpy change for reaction in vanadium specie V3+ J ·mol−1
∆H4 Enthalpy change for reaction in vanadium specie V4+ J ·mol−1
∆H5 Enthalpy change for reaction in vanadium specie V5+ J ·mol−1
r Ohmic resistance of the stack Ω
Wpump Pump power W
5.3. Hydraulic model475
A part of the system that has great importance is the hydraulic part. The pumps are dynamic476
elements, and their choice in terms of the maximum flow rate they can pump, will depend on the477
operating conditions of the system. For that reason, it is necessary to determine the power of the pump478
need to make the electrolytes flow taking into account possible losses due to pressure and friction. The479
power of the pump affects the temperature model, as can be seen from equation (23). Moreover, taking480
into account that to maximize the efficiency of the VRFB, it is necessary to minimize losses (such as481
pump power), the obtaining of a correct model will allow to obtain the optimal flow rate that plays the482
most important role in a flow battery.483
The value of the pump power can be obtained through the calculation of the losses in the stack
and pipes, following the principle of energy conservation [126,127]. The power loss is the product
between the pressure drop in the system and the flow rate Q:
Wpump = ∆p ·Q. (24)
The pressure drop in the pipes can be calculated using the principles of fluid mechanics. In some484
studies, appears that it can be directly calculated considering two different parts. On the one hand, the485
friction pressure drop ∆p f riction which comes from fluid viscosity, which is calculated by (25) [127]. On486
the other hand, the losses due to a change in flow direction of the pipes ∆ppipes given by equation (26).487










The pressure drop in the stack can be calculated considering the pressure drop in the electrodes,488
that have been found to contribute considerably to the total pressure drop of the system.489
∆pel =





Then, the pressure drop of the system is the sum of the previous pressure drops:
Wpump = (∆p f riction + ∆ppipes + ∆pel) ·Q. (28)
Parameters of the hydraulic model are summarized in Table 9.490
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Table 9. Parameters of the hydraulic model.
Parameter Meaning Unit
Wpump Pump power W
ε Electrode porosity -
µ Viscosity of the flow Pa · s
f friction loss factor -
L Length of the pipe m
Lel Length of the electrodes m
Dh Hydraulic diameter of the pipe m2
d f mean diameter of the electrode fibers m
v Velocity of the flow rate m · s−1
K pipe loss factor due to the form -
Kck Kozeny-Carman constant -
tel Electrodes thickness m
wel Electrodes width m
5.4. Summary of mathematical models491
Table 10. RFB mathematical models classification.
Lumped Distributed
Electrochemical [113] [114] [115] [119] [120] [121] [107]
Thremal [120] [121] [122] [123] [124] [125]
Hydraulic [126] [127] [106] [108] [109]
Equivalent circuit [116] [117] [118]
6. Control and supervision492
In this section, the main techniques which are currently used to control and automate RFB are493
going to be described. The variables that are usually measured and used to regulate the RFB are the494
current and the flow rate. The output variables of a RFB, typically are the stack voltage which is495
directly related with the power, and the state of charge (SOC) of the system, which is related with the496
stored or delivered energy.497
6.1. Control strategy for RFB systems498
For a RFB system, the control strategy plays a crucial role to guarantee the correct and optimal499
operation of the battery for charge and discharge cycles, having a direct effect on the system efficiency.500
The main variables to design a controller for RFB systems are the current, the stack voltage, the501
temperature and the SOC. As mentioned, both the stack voltage and the current are easy variables502
to measure, as well as the temperature. However, the SOC can not be measured so easily. For that503
reason, there are different techniques to estimate its value, as will be seen later in section 6.2. Taking504
into account these variables, there are different control strategies in the field of RFB that have been505
implemented.506
The most relevant objective in a RFB consists of guaranteeing that the system can store or provide507
the required reactants during the charging/discharging process in a sure and efficient manner. Usually,508
as the charged/discharged current is assumed to be externally fixed, the only variable that regulates509
the operation of the battery is the flow rate. Therefore, the vast majority of control strategies are based510
on obtaining the optimal flow according to the operational conditions. It is obvious that taking into511
account that the operational conditions of the system vary, since it is dynamic, the optimal flow rate512
will also be variant [128]. Therefore, these type of systems require to have pumps capable of providing513
a variable flow in the system. The presence of pumps increases the losses inside the system due to the514
energy consumption required to make them work. Moreover, the presence of hydraulic losses as the515
ones presented in section 5.3, makes necessary to find a compromise between efficiency and safety516
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(understood as the possibility of guaranteeing reactants at all times and places). There exist different517
strategies that are based on a mathematical expression, that define an optimal flow rate.518
One of the most commonly used is based on the minimum flow. It appears in many studies, such




F · (1− SOC) · cv
, for charging
N · |I|
F · SOC · cv
, for discharging
(29)
where N is the number of cells that compose the stack, and cv is the total concentration of vanadium
in the solution. It expresses the theoretical minimum flow rate value of the RFB with respect to the
current and the SOC, to guarantee that there are enough reactants in the system. Ideally, using that
expression would be enough, but in practice due to its distributed nature using this value would not
guarantee that there are enough reactants everywhere, or any desynchronization between the current
and the controller would cause problems. Due to this, in most cases bigger values are used, by means
of a constant called flow factor, FF, which typically varies between 4 to 10 [130].
Q = FF ·Qmin (30)
The behaviour that presents this minimum flow rate with respect to the SOC and the current, has519
been studied for the example of the RFB designed in section 3.3. Figure 4 shows the minimum flow for520
both charging and discharging processes. A FF of 8 and a current range from 0 to 150 A have been521
chosen. As can be noticed, using this strategy the flow rate must increase when the battery is near to522
its full charge or discharge.523
Figure 4. Minimum flow rate profiles for charging (left) and discharging (right) processes.
Other strategies are based on using an optimal flow rate that maximizes the efficiency of the524
complete system taking into account the effect of the possible losses. The criterion to maximize the525
battery efficiency is minimizing the system energy during the charging process and maximizing it526
during discharge as is expressed in (31), within the same time window.527
Ebattery =
{













where Estack is the energy in the stack that can be affected by internal losses such as overpotentials,530
and Epump is the power along the time from the pumps, taking into account the hydraulic losses.531
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There are different studies that use this criterion to develop an optimal flow rate strategy. [131]532
presents a dynamic flow rate strategy for VRFB that takes into account the concentration overpotential533
and the pump power consumption. In this area, Skyllas-Kazacos has also developed an optimal flow534
rate strategy to maximize the efficiency of the battery at different charge and discharge processes [129].535
Other studies such as [130,132,133] present optimal flow rate strategies to maximize the efficiency of536
the battery system, minimizing the pump losses at the same time that maximize the power taking into537
account the losses affected by the overpotential effect.538
These optimal controllers are usually very sensitivity to uncertainty in the model and its539
parameters; due to this, they are usually combined with other types of controllers. These new540
strategies are based on regulating some variables, which typically is the stack voltage, using a feedback541
controller and combine it with the optimal controller, which acts as a feedforward control law [134].542
Another study uses a feedback controller to regulate the stack temperature [135] using a thermal model543
based on [120], applying a variable flow rate to keep the temperature within safe limits, increasing the544
efficiency of the system.545
A general regulation scheme that considers an optimal flow rate strategy in terms of current and546
SOC, and the regulation of the voltage corresponds to the architecture shown in Figure 5.547
Figure 5. Conventional controller block scheme in a RFB.
Figure 5 presents a conventional controller scheme composed by a feedback controller that548
regulates the voltage, E, and a feedforward controller. The current, I, is assumed to be an measurable549
exogenous signal, and the SOC is obtained through an observer (section 6.2).550
6.2. Observers and parameter estimation551
SOC is one of the most important variables in RFB because it indicates how much energy is552
stored in the system. Moreover, it is used in most control strategies, as shown in the previous section,553
so obtaining its value is crucial for the proper functioning of these controllers. As it is shown in554
(19), its value depends only in the concentration of vanadium species inside the electrolyte tanks.555
Unfortunately, there is no sensor which allows to automatically measure this magnitude. There exist556
different indirect techniques which allow to estimate the concentration of vanadium species inside557
the tanks, i.e. estimate the SOC. One technique is the color analysis [136], based on the fact that558
each vanadium species has its own color. Measuring the color inside the tank allows to estimate559
the amount of vanadium species, and therefore, the SOC. Another technique to estimate the SOC is560
measuring the electrolyte density inside the tanks [137]. Similarly, to what happens with color, each561
vanadium species has its own density. Spectrophotometric can be used to analyze the conductivity of562
the vanadium species contained in the tank, this technique is widely used in chemical studies to obtain563
the concentration of certain species dissolved in a solution [138]. Recently, the use of an amperiometric564
sensor [139] has been proposed. It estimates the vanadium species by measuring the current response565
at a fixed stack voltage.566
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All these techniques require incorporating sophisticated and expensive instrumentation into567
the system. This increases the cost of the installation in addition to its complexity. Most of these568
techniques are indirect measurements and therefore require significant calibration and sophisticated569
post-processing. An additional problem that must be taken into account is that the storage tanks are570
normally large, which implies that the distribution of the species is not homogeneous and therefore571
low precision exists despite having sophisticated instrumentation.572
An alternative way of dealing with the problem is to use the model and easily measurable573
information, such as stack voltage, current or temperature, to estimate the variables of interest. The use574
of state observers and parameter estimators can be a very efficient solution to estimate the SOC. Apart575
from the SOC, there are other highly relevant variables, that must be estimated since their theoretical576
values differ from those found in practice and can not be directly measured. Different methodologies577
are discussed in the following subsections.578
6.2.1. State observers to estimate the SOC579
State observers are algorithms that allow estimating the value of state variables, whose evolution580
is described by the system model, combining the use of the model and information from the measured581
variables [140,141]. In Figure 6 it is shown an scheme of a state observer with its main blocks and582
variables, where x̂ corresponds to the state estimation, u is the input control action, y is the output583
measured, p corresponds to the model parameters, f represents the model, h is the output computation584
function, Φ is the correction action function and v is the correction control action.585
There are different techniques to design these algorithms, being Kalman filters and sliding mode586
observers two of the most popular [142].587
Figure 6. State observer scheme.
In the models described in the section 5, tank concentrations are state variables, from which the588
SOC can easily be estimated using (19). Therefore, it is possible to build state observers that allow589
estimating the SOC in real-time. Table 11 summarizes the states observers found in the literature, with590
their measured variables and methods used to estimate the SOC.591
Based on conductivity and spectrophotometric measurements, Skyllas-Kazacos presented two592
estimation methods for the SOC in [138]. The first method uses variations in conductivity to593
independently determine the SOC of each half-cell electrolyte. The second approach is based on594
the optical absorbance detected to monitor the system balance and SOC of the negative half-cell.595
Using the measures of half-cell potential and electrolyte density, and an electrochemical model596
it has also been also possible to estimate the SOC as it is presented in [137]. This study presents two597
approaches. The first one, measures the OCV combined with Coulomb counting, to estimate the SOC598
assuming the same concentrations of vanadium species inside the tanks and the cell. The second599
approach, uses the temperature and electrolyte density measurements for estimate the SOC. Both600
strategies can be recalibrated during the battery operation increasing the reliability of the estimation.601
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The thermal model described in section 5.2, is used in [143], with a Kalman filter to estimate SOC602
precisely. An electrical model is defined using the cell voltage which varies with the stack temperature,603
and the cell concentrations. In this way, measuring both cell voltage and temperature is possible to604
obtain the SOC estimation. Another electrical model is proposed in [144], which consists on a basic605
resistor-capacitor (RC) ladder. The capacity of a RFB represents the amount of energy that can be606
extracted under certain specified conditions [145]. Therefore, it has a direct dependence on the stored607
energy, and thus, on the SOC. Measuring the cell voltage and with the aim of a Kalman filter the SOC608
is estimated.609
The extended Kalman filter (EKF) is one of the widely methods used to estimate the SOC of RFB610
systems [146–148]. In those cases, electrochemical and thermal models, as well as OCV expression611
are used to estimate the SOC. Adaptive estimation techniques have also been used to estimated with612
precision the SOC, using similar models. [149] presents an adaptive observer design for simultaneous613
estimation of SOC and crossover flux, for a nonaqueous RFB that is simply modelled with a isothermal614
lumped parameter model, measuring the temperature and the flow rate. Another adaptive technique615
is proposed in [150], which consists on a novel joint real time estimator based on the EKF, which616
estimates the SOC using the recursive least squares (RLS) method, measuring the OCV and the current.617
Differently from the Kalman and the EKF which requires linearizing the model, sliding mode618
control (SMC) can directly deal with nonlinear models. This is the case of [151,152], that use sliding619
mode observers to predict the value of the SOC. For both cases, the model used is based on the620
conservation of mass and energy, as the ones shown in the electrochemical and thermal model part, in621
section 5.1 and section 5.2, respectively.622
An empirical neural network (NN) is employed in [153] to estimate the SOC measuring the623
temperature and the viscosity of the electrolyte. In that case, by means of Nerst equation, an empirical624
model is develop that links the SOC with respect to the temperature and viscosity of the electrolyte.625
Other intelligent methods such as fuzzy logic (FL) [154] or support vector machines (SVM)626
[155,156] have been also used to estimate the SOC. They perform the estimation by analyzing the data627
provided from different experiments on wide operational ranges. [154] involves the fuzzy logic to628
analyze impedance spectroscopy and coulomb counting measures. In terms of SVM, [155] uses data629
to estimate the SOC and model parameters from charging/discharging data, using the current, the630
voltage and the temperature of a cell. [156] uses both current and temperature to estimate the SOC631
using a thermal dependant model.632
Table 11. Summary of SOC observers with their measurement variables (KF: Kalman filter; EKF:
Extended Kalman filter; SMC: Slisind mode control; NN: Neural network; SVM: Support vector
machines; FL: Fuzzy logic).
KF/EKF SMC NN SVM FL
Voltage/Current [144] [150] [137] [151] [152] [155] [156] [154]
Flow rate [149]
Temperature [143] [149] [137] [151] [152] [153] [155] [156]
Density [137] [153]
Conductivity [138] [154]
6.2.2. Model tuning and parameter estimation633
The models described, including those used in observer development, contain a large number634
of parameters that must be adjusted. Although many of these parameters could be measured, it is a635
current trend to adjust the models using the variables usually measured.636
These adjustments can be made following two types of approaches, depending on whether637
the estimation is done in real time or not. Online parameter estimation is based on updating the638
estimation when new information is available. Thus, the estimation is make in real-time [30]. This639
adjustment only needs a parameter estimation algorithm that calibrates the model parameters each time640
it receives information for the input signals and measured variables. Offline parameter estimation is641
Version August 15, 2020 submitted to Energies 22 of 32
made with data that has been previously acquired [157]. Firstly, it estimates the output variables that642
can not measure in real time, to compare with real data that has been previously acquired. Then, takes643
place the tuning of parameters minimizing the error between the variables estimated and the real ones.644
Figure 7 shows the schemes of each one of these approaches.645
Figure 7. Parameter estimation schemes. (a) Online parameter estimation, (b) Offline parameter
estimation.
Examples of this type of parameters that present uncertainty are the diffusion coefficients, k,646
appearing in (15), the standard electrode potential, E0, (2) or the charge/discharge resistance r. Usually,647
all these values are assumed to be constant to facilitate the analysis of the model carried out. In [158]648
an offline estimation of stack resistance and standard electrode potential is presented, using the least649
square method for the curve fitting between the experimental data and the model, measuring the650
current and the stack voltage of the battery.651
Other type of variables appearing in RFB models are the capacity loss or the peak power, which652
consists on the maximum point of power that the VRFB can supply taking into account the operational653
conditions in terms of current and voltage. Capacity fading appears when VRFB work long and causes654
the ion diffusion and depletion of active materials. This yields not only to a capacity loss, but also655
to an increasing of the internal resistance [152]. There are several studies that estimate the capacity656
fading using online estimation methods, being one of the most common techniques the EKF. [150]657
uses this technique to online estimate the capacity loss, and the parameters of an electrical model,658
measuring the OCV and the current. A similar approach is presented in [159], measuring the same659
variables, and using a first-order electrical circuit model to capture the dynamics of the VRFB. Using660
the RLS method with the EFK technique, the model parameters and the capacity are online estimated661
with high accuracy. [160] differs from the previous two studies using an autoregressive exogenous662
model to estimate the capacity loss, measuring with an H-infinity observer the current, the voltage663
and the temperature of the stack.664
In terms of peak power, [161] uses and adaptive model that allows to estimate its value. Using665
the RLS and the EKF an online adaptive estimation of the RFB parameters is obtained and by means of666
measuring the current and voltage of the system.667
[162,163] propose an algorithm to online estimate different parameters using a time-varying668
recursive least squares method. These parameters are the resistors and capacities of a second order669
Thevenin model used to characterize a VRFB. Both studies use data from pulse charging experiments,670
measuring the current and voltage.671
Using genetic algorithm, it is also possible to offline estimate the different parameters of a RFB672
model as is presented in [157], measuring the voltage. In that case, the parameters of the model define673
the electrolyte properties, such as the diffusion and the transfer function coefficients, the electrode674
and membrane properties, the electrode porosity or specific surface area. Finally, a multi-time scale675
method is used in [164] to online estimate independently the model parameters and OCV, measuring676
the current, temperature, flow rate and density.677
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7. Conclusions and future direction678
This paper has introduced the concept of redox flow batteries, contextualizing them within the679
current energy situation and comparing them with other type of energy storage systems.680
The main characteristics and its operation have been explained taking into account the equations681
that characterize its behaviour, as well as the expressions needed to design the battery sizing for a682
specific conditions of power and energy. A review in the literature of the existing models has been683
shown, explaining in detail one of the most used and cited. This dynamic model is decomposed in684
three main parts that are interconnected: the electrochemical, the thermal and the hydraulic. Attending685
to the need for optimal control and characterization of the RFB, a discussion about the existing control686
strategies that are mainly used within the field of redox flow batteries has been presented. Similarly, a687
discussion about the different methods used to estimate the SOC has been presented, introducing the688
use of state observers. Finally, some studies have been presented that calibrate the models estimating689
their parameters and variables. All these techniques constitute an excellent alternative to include690
complex and expensive instrumentation in the RFB. It has been prove in the literature that these691
techniques offer very interesting results.692
Modelling plays a key role for control purposes inside the RFB. It allows to described the real693
system behaviour, providing information and knowledge of the system operation. Moreover, these694
models are very important to analyse and improve the control systems, observers and parameter695
estimators. In this sense, until now different studies have been designed with the purpose to obtain a696
realistic model of a VRFB. Most of them are lumped parameter models that describe with simplicity697
the behaviour of the RFB, obtaining a behavior which closely resembles the real system. There are few698
studies that present more complex models that take into account undesired effects such as corrosion,699
degradation or unexpected reactions. In this scenario, more research will appear in the following years700
to manage with more realistic models, that will allow to perform more tests to analyze the behaviour701
of a specific RFB, reducing the R&D (Research and Development) costs. For these purposes, it will702
be necessary to analyze in which scenarios the use of a lumped or distributed parameter model will703
be the best option, attending to the practical use that will be given to it. Furthermore, if a distributed704
parameter model is selected, an analysis of the level of distribution will be required.705
Looking to the future, there are different directions in the research of RFB systems. Within the706
field of control and supervision, research in terms of flow management and parameter estimation707
will continue to grow, following methodologies such as those described in section 6. In particular,708
the search for online estimators will be one of the key studies in the future, to estimate the different709
parameters. Therefore, integrating these parameters in the control laws will improve their robustness.710
Inside this field, a determination of the main parameters to estimate will be required. In addition,711
parameters that vary over the time and are currently considered constant to simplify the analysis,712
such as the ohmic resistance or the standard electrode potential, will be online estimated obtaining a713
more realistic adjustment. It will also be necessary to determine what parameters are affected by the714
undesired effects such as degradation or corrosion, and its level of affection. As a battery system, it715
will be important to define the state of health (SOH) which until now has not been studied in detail.716
Another field of study will be the detection of failures, characterizing the possible failures, what they717
are due to and the level of damage that they cause within the system. Taking into account all these718
objectives, a large number of experimental tests will be carried out, being decisive to correctly define719
the working conditions, the variables to be measured and the instrumentation to be used, seeking a720
balance between efficiency and experimental cost.721
The automation will contribute to the reduction of costs and will open the door to the722
implementation of fault detection and isolation mechanisms. This will improve their performance and723
make them even more secure and reliable devices.724
Other important investigations will correspond to develop an efficient integration of RFB’s in725
energetic environments such as renewable energy plants, or microgrids.726
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